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Comparative analyses of a number of secretory pro- 
teins processed by eukaryotic and prokaryotic signal 
peptidases have identified a strongly conserved feature 
regarding the residues positioned —3 and —1 relative 
to the cleavage site. These 2 residues of the signal 
peptide are thought to constitute a recognition site for 
the processing enzyme and are usually amino acids 
with small; neutral side chains. It was shown previ- 
ously that the substitution of aspartic acid for alanine 
at -3 of the Escherichia coli maltose-binding protein 
(MBP) signal peptide blocked maturation by signal 
peptidase I but had no noticeable effect or MBP trans- 
location across the cytoplasmic membrane of its biolog- 
ical activity. This identified an excellent system in 
which to undertake a detailed investigation of the 
structural requirements and limitations for the cleav- 
age site. In vitro mutagenesis was used to generate 14 
different amino acid substitutions at —3 and 13 differ- 
ent amino acid substitutions at -1 of the MBP signal 
peptide. The maturation of the mutant precursor spe- 
cies expressed in vivo was examined. Overall, the re- 
sults obtained agreed fairly well with statistically de- 
rived models of signal peptidase I specificity, except 
that cysteine was found to permit efficient processing 
when present at either —3 and —1, and threonine at —1 
resulted in inefficient processing. Interestingly, it was 
found that substitutions at -1 which blocked process- 
ing at the normal cleavage site redirected processing, 
with varying efficiencies, to an alternate site in the 
signal peptide represented by the Ala-X-Ala sequence 
at positions -5 to -3. The substitution of aspartic acid 
for alanine at —5 blocked processing at this alternate 
site but not the normal site. The amino acids occupying 
the -5 and -3 positions in many other prokaryotic 
signal peptides also have the potential for constituting 
alternate processing sites. This appears to represent 
another example of redundant information contained 
within the signal peptide. 



Most secretory proteins are initially synthesized with an 
amino-terminal extension designated the signal peptide which 
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serves to initiate export of the protein and which is subse- 
quently removed during or immediately following transloca- 
tion (1,* 2). Most signal peptides share common structural 
features: a hydrophilic amino-terminal segment with 1-3 basic 
residues followed by a 9-15-residue core of hydrophobic and 
neutral amino acids and finally a more polar carboxyl termi- 
nus that immediately precedes the cleavage site (for review, 
see 3). According to the loop model (4), the positively charged 
amino terminus interacts with the membrane surface, and the 
hydrophobic core inserts into and spans the lipid bilayer as a 
loop or reverse hairpin structure, exposing the cleavage site 
on the external face. Many details of this model remain a 
matter of conjecture; still, the experimental evidence supports 
this orientation of the signal peptide during . translocation (1, 
5, 6). The enzymes responsible for the endoproteolytic re- 
moval of the signal peptide are termed signal peptidases. 
Eukaryotic signal peptidase has been purified from several 
tissue sources and is an integral membrane complex of two to 
six polypeptides (7, 3). Two distinct signal peptidases have 
been purified from Escherichia coli cells (9). Both are integral 
membrane proteins composed of a single polypeptide. Signal 
peptidase II cleaves the signal peptides of lipoproteins exclu- 
sively, and signal peptidase I processes all other secretory 
proteins. 

Although signal peptides exhibit little primary sequence 
homology, the comparative analysis of numerous prokaryotic 
and eukaryotic proteins has identified a strongly conserved 
feature regarding the residues at positions —3 and —1 relative 
to the cleavage site. It was noted that amino acids with small, 
neutral side chains predominated at these two positions (10, 
11). von Heijne (12) compared 36 prokaryotic signal peptides 
processed by signal peptidase I, and only alanine, glycine, 
leucine, serine, threonine, and valine were encountered at the 
-3 position. Somewhat more restrictive, position,.-! was 
found to harbor only alanine, glycine, serine, and threonine. 
Ala-X-Ala is the most frequently observed sequence preceding 
the cleavage site (10, 11). Based on these frequency analyses, 
positions -3 and -1 have been proposed to constitute a 
recognition site for the processing enzyme. These observa- 
tions also were utilized to formulate the A-X-B model (10) 
and the (-3,-1) rule (11) for predicting signal peptide cleav- 
age sites. The (-3,-1) rule was later further modified by 
incorporating a larger statistical basis and a weighted matrix 
approach (12). Various studies with E. coli have provided 
support for the basic tenets of these statistically based models 
(6, 13-15). However, such studies did not include a systematic 
analysis of multiple substitutions at -3 or -I to determine 
experimentally the requirements and limitations for efficient 
signal peptide processing. 
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The MBP signal peptide is composed of 26 amino acid 
rescues and exhibits all the features typical of prokaryotic 
?!°" a ' p L ept,deSl '"tiding alanine residues at both -3 and -1 
16) The substitution of aspartic acid for alanine at -3 was 
tound to block MBP processing by signal peptidase I without 
having a not.ceable effect on translocation across the cyto- 
plasmic membrane (6). The preMBP remained anchored to 
the cytoplasmic membrane by its unprocessed signal peptide 
but was still capable of facilitating maltose uptake efficiently 
to, i'l lhe characterization of this mutant MBP species 
served to underscore the nonoverlapping nature of the hydro- 
phobic core and processing region and identified an excellent 
system to conduct mutational analysis of cleavage site struc- 
tural requirements with affecting protein translocation. In 
this study, ohgonucleotide-directed mutagenesis has been uti- 
l,zed '° const ™« P |asmi<J s encoding an assortment of mutant 
preMBP species altered at specific positions near the signal 
peptide processing site. The effect of 14 unique single amino 
aod substitutions at -3 and 13 unique substitutions at -1 on 
processing were examined and the results comoared with 
pred.ct.ons based on statistically derived model's of signal 
peptidase I specificity. Interestingly, certain changes at -1 
uncovered a nearby alternate cleavage site in the preMBP 
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MATERIALS AND METHODS 

iJ"t^' Sl ,^ and Pla * mi d*-E- coli K-12 strain BAR1091 (F' 

us/ri f ir^' 2 ^ M ToD'SSflbB ostF rpsL) (IS) was 

"emp at- IT" °' ' hiS ««P' Preparation of sLJ-lllTed 

inTal ; m " t3S r. e51S iS " bel0W '- The mo '^'2 nation is an 
in-irame nonpolar deletion that removes DNA sequences encoding 

^'V'f MBP si ?» a > Peptide through residue 59 0 f he 
matu re MBP. Plasmid pJF2 is a derivative of P BR322 harborin- he 

Tri-EVP 0 *"' - MBP Und " lacUV5 P'^oter-operator ontro 
£.1 5 '"te'Semc region (6). The latter permiu packa-nn- of 
s.ng e-stranded plasmid DNA upon infection with the helcer baete 
Ers'an ^ ^ Pl&Smid ^ is a derivauCe o." S wh" h 
^3 of MBP^L7 tat '° n , " ' he J° d0n ~"«P»"dinS to position 
of nJF^„ r ^ ^ g^V* (6) - Plasmid PJ F13 ai *o is a derivative 
resl e "-3 iot!" 6 "** sub " ituted ^ a < a "ine at 

sou^-O^^' medi ,r - M63 su PPle™nted with carbon 
ata anri TVP mme (2 " g/ml) - maitose ^azolium indicator 

rMuir.H T a !f r W " e P re P a « d " Scribed previously (20). When 
mP ' C '' W " added 10 minimal and «"nplex media a" 
•enes underl 5 uJ? *" d '°° "spectivelv. To'induc. ™/£ 

a«r D Ut« .nrf i !- Pr T 0te i- 0perator control - ,PT G «"d on 
Meth-'n" ? t nd "1 l,<,U,d m ' dia " 1 and 5 bm. respectivelv. f*S| 
rW^ F ^f'^S Ci/mm0,) ""Obtained from Du 
scrillwT * ? 1 Nuclear. Rabbit anti-MBP serum has been de- 
scribed previously (21). Electrophoresis reagents. T4 DNA li-ase and 
R^hEE DNA polymerase I w, re purchased from Bethesda 
Kodak Uborator, «- Kodak XAR f'l™ was obtained from Eastman 

tat°t°l^°'' d /r 'T" Wt "^"«« °f malE-To introduce mu- 
nW.V m " lE : the * ene MBP, the oligonucleotide- 

the £n n mUUS r SiS m " h0d 0iZo "« and Smith (22) was us d v£h 
emolMe ? <0 ''"^-stranded P'"mid DNA was used as 

"v rCunkel a m,™" """^ ° l " described 

cells of P • <23) uracil-eonuining templates were prepared from 

hybrid ^ S " t Z CJ23 V U r g ' d V : and in O'der to random^ 

were slowlv f „„u , 1 or - l - and the annealing reactions 

□rim,™ f f° m '° C t0 room temperature. Mutagenic 

th " I"- „ P " P r ar ^. With an Applied Biosvstems 380A DNA 
^ W^Zjftr*** * e'«trophoresis as de- 
The ohgonucleotides used to mutagenic ma,E at the codons cor- 

pre'l^Ve'-Indlcates't^ or/" T P~tein (the 

indicates theTa" e fo ^ ■ ."pTC ^ WhertaS " m " 

SDS. sodium dodecvl so fT te- TZcf '^"■Py 1 - '•'"^•°-sa' a cioside: 



responding to either -3 (designated PS.2) or -1 (PS 7) of th. 

to CP the e DvI h ° Wn '3 Fi f L Each «^o-c'eo«idi wafcon p'etn 
to the DNA strand of packaged, single-stranded nJFS ,L 

codon to be mutagenized. The mutagenic oligonucleotides , en 

sequence (TCC). allowmg the identification of colonies harL 
muugenized plasmids by their Mai* phenotype on maltose « 

Mar-el" 10 ' iEar iU PP le T ented With -Pi""'- Placid ■ 
Mai colonies were reintroduced into cells of BARlWi bv n ,' 

Ml3-meo.,ted transduction, and these strains were re^Ld fo? 
gle-stranded plasmid DN'A preparation and m uiuo £Z2 c( Y 
export and processing. DNA sequence analysis performed ^descri' 
th « ° r 2 - baSe - b ^tutio„ s ed r t S at 
M^ 2 °' ba j mu , ta e enic oligonucleotide coding for the Asp"' alterat 

ptSharho £22 ' 7) Utili " d W intr ° dU « this -""ta io 
th! MR P harb0 lng va J r,0u . s ""tations at the codon for position -' 
tif^H S,?nal r Pt ' de - Sin S'e-«randed DNA of each plasmW » 
stituted prev,ouslv at codon -1 was mutagenic as described abo 
except that mutagenized plasmids were identified solely by D 
sequence analysis. Beginning with pJF2 harboring the 
mutafon, the oligonucleotide designated PS.U (Fi- 1) 1*7^, 
to introduce various substitutions into the codon of the m 0 /e le.. 
L 6 t 2 feS c Ue - The mu tagenesis reactions were perform' 

aLl ° ab ° Ve - 5 P6Cific muta ?enic oligonucleotides (not show 
also were synthesized to convert the Ala- codon of plasmid I oJF° 
« Mparfc acid and to delete codons -3 through TfTom'Sm 

Radhlabeling of MBP. Immune Precipitation. SDS-PiCE or 
Autorad^raphy-Cuhures were grown to mid-log phase in -Tyce ' 
thesUo MBpT ? UP - D ' emen " d -th ampicillin and'nduc d [o"y. 
five Z t -.V * d n™ °' IPT G jo the culture medium. ForV 
he MBP ' - tnT e ' abe!edwith ("Slmethionine for 15 min, an. 
trie .VIBF ,m mU ne precipitated from solubilized cell extrac- 

- re ollX SDS pTc" ^ (2lh Immune P«c^itates we r ' 
H i f Df-PACt and autoradiography as described oreviousi 

p"r MBP -o';MBp X ^' memS , (25) and quantitation of the ratio • 
pre ' MB .!: '0.™.MBP (26) were also performed as described previous! 
Purgation and Amino-terminal Analysis of mMBP "£2s 

^w n «des!r1b R e^h ^'i** aPPTOp " ate 

grown as described above, except that svn thesis of VTRP • j 

in mid-log phase. When the cuLres ^^^^ 

the cells were pelleted and washed twice with 10 m.M Tris (dH 8 0 

Co d osmotic shock as described by Neu and HeopeU'?) waTused" 

isolate penplasmic proteins, and crude mMBP was nurifi J „ 

column of cross-linked amvlose in 10 m.M Tr s (dH 

pore sue, 4.o x loO-mm C-1S reverse phase column (W-Porex 
Phenomenex. rUncho Palos Verdes, CA). MBP was Z Va 1^ ?7h 
column with a n increasing ^dient of .„«,niiri| " o. 
0.8 m!/mm. The eluent --as monitored simuluneousiv at n< and 25 
nm. After an m.ual fall-through containing various alu ^ severa 
manor peaks w ere observed. MBP was recovered at .££.3 

- 7 •« * 5 •* *' M -1 -2 -3 . 4 

rrr rcc «c zzr crc czz aaa atc c ^ cct 



tcc zcz rcz *vr rrc ccc aaa 



ps.: 
ps. ;; 



rc= =.rr rrc «*c aaa atc 3 aa caa ;c 
r rrc ccr kuc caa sct 



FlC 1. Oligonucleotides utilized for semirandom mutagen- 
esis of specific codons within the malE ^ene. The portion of the 
malE nucleotide sequence encooing residues -7 to +5 of preMBP is 
shown. The mutagenic oligonucleotides designated PS * PS 7 and 

t^'/Jr "'if U " d t0 int , roduce l 0T - > - hase substitutions aTthe codons 
[boldfaced) corresponding to positions -3, -l, or +2. The tetter jV 
denotes that an equal mixture of ail four nucleotides" was employed 
for this step in synthesis of each mutagenic oligonucleotide. The 
underlined codon represents the amber mutation (TAG) in plasmid 



Processing of E. coli Maltose -binding Protein 



3419 



40% aceionitrile. The material was lyophilized, resolubilized in 5% 
acetic acid, and applied to a Polybrene-treated glass fiber filter for 7- 
15 cycles 01* amino acid sequence analysis in an Applied Biosystems 
4 70 A gas phase sequenator (Foster City. CAJ with an on-line Waters 
HPLC to identify directly phenylthiohydantoin derivatives. 

RESULTS 

Effect of Single Amino Acid Substitutions at -3 of the MBP 
Signal Peptide— Oligonucleotide -directed mutagenesis was 
used to construct a set of derivatives of plasmid pJF2 which 
differed only in the codon corresponding to position —3 of the 
MBP signal peptide (see "Materials and Methods"). As a 
result, a set of plasrnids was obtained encoding mutant MBP 
species in which 1 of 14 different amino acids had been 
substituted for the alanine normally found at -3 (Table I). 
Cells harboring these plasrnids, as well as all the other deriv- 
atives of pJF2 described in this study, exhibited a strongly 
Mai* phenotype, indicating that MBP translocation across 
the cytoplasmic membrane was not strongly affected (6). The 
effect of each alteration at position -3 on signal peptide 
processing is shown in Table I. Cells were grown to mid-log 
phase, induced for synthesis of plasmid-encoded MBP bv 
addition of IPTG; and radiolabeled for 15 min with [ M S] 
methionine. MBP was immune precipitated from solubilized 
cell extracts and analyzed by SDS-PAGE and autoradiogra- 
phy. Signal peptide processing, as quantitated by measuring 
directly the radioactivity present in the precursor and mature 
MBP species, is presented as the percent of the total radio- 
labeled MBP precipitated which is mMBP. Essentially all the 
wild-type MBP (98%) was processed to mMBP under these 
conditions. In addition, MBP harboring glycine, serine, cys- 
teine, threonine, valine, isoleucine, leucine, or proline at -3 
was also processed efficiently. Substitution of asparagine for 
alanine at -3 reduced processing to 25%. The presence of 
aspartic acid, arginine, histidir.e, tyrosine, or phenylalanine 
at -3 resulted in extremely inefficient processing of the signal 
peptide over the time course of these experiments. 

Using a pulse-chase analysis, the kinetics of signal peptide 
processing was determined for four of the substituted MBP 
species (Fig. 2). At the earliest chase point (2 min), maturation 
was complete for both wild-type and Val* 3 preMBP. The 
majority of Pro -1 preMBP was processed at the 2-min chase 
point, with the remaining preMBP converted to mMBP by 
60 min of chase. Substitution of asparagine at -3 resulted in 
slow processing of preMBP which was not completed by the 
last chase point. In contrast to the other MBP species exam- 
ined, maturation of Arg~ 3 preMBP could not be detected even 
after a full 60-min chase period. 

Table I 

In vivo processing of preMBP species altered at 



Vol 



Pro 



Asn 



2 15 60 2 15 60 2 



Arg 



Substitution 


Processed 




■ . % 


Ala* 


98 


Civ. 


98 


Ser 


99 


Cvs 


99 


Thr 


98 


Val 


93 


He 


98 


Leu 


97 


Pro 


94 


Asn 


25 


Asp 


10 


Arg 




His 


7 


Phe 




Tyr 


6 


' Wild-type preMBP. 



15 60 2 15 60 2 15 60 



Fic. 2. Kinetics of signal peptide processing in celts synthe- 
sizing various preMBP species specifically altered at -3. Glyc- 
erol-grown IPTG -induced cells were pulse labeled for 15 s with (**S] 
methionine, and incubation was continued in the presence of excess 
cold methionine for the number of min indicated above each lane. 
The chase was terminated by the addition of an equal volume of ice- 
cold 10% trichloroacetic acid. The resultant acid precipitates were 
solubilized. and the MBP was immune precipitated and analyzed by 
SDS-PAGE and autoradiography. The amino acid indicated above 
each set of lanes identifies the substitution at -3 for each preMBP 
species analyzed; + denotes synthesis of wild-type preMBP. 

Table II 

In vivo processing of preMBP species altered at -1 



Substitution 



PrtKcssed Normal site 



Alternate site 





% 






Ala* 


98 






Glv 


97 






Ser 


98 


+ ' 




Cvs 


93 


+ 




Thr 


90 


T 




Asp 


91 




+ 


Val 


71 




+ 


Asn 


41 




+ 


His 


35 




+ 


He 


34 






Arg 


32 






Leu 


31 




+ 


Tvr 


19 






Phe 


U 






• Wild-type preMBP. 








+ Asp 


Vol 


Phe 


Arg Asn 



J5 60 2^J5_60 2 IS 60 2 J5 60 2 15 60 2 15 60 



FlC. 3. Kinetics of signal peptide processing in cells synthe- 
sizing various preMBP species specifically altered at -1. The 
experimental conditions are the same as those described in the legend 
to Fig. 2. The amino acid indicated above each set of lanes identifies 
the substitution at -1 for each preMBP species analyzed. + denotes 
synthesis of wild-type preMBP. 

Substitutions at -I Have Varied Effects on Signal Peptide 
Process ing— Thirteen different amino acid substitutions at 
the — 1 position of the MBP signal peptide were obtained and 
similarly analyzed (Table II). Precursor MBP species harbor- 
ing glycine, serine, or cysteine at -1 were virtually completely 
processed following a 15-min radiolabeling period. In contrast, 
the other -1 substitutions resulted in efficiencies ranging 
from 14 to 91%. Kinetic analyses of five representatives from 
this latter group revealed that processing of each MBP species 
examined occurred relatively slowly when compared with 
wild-type preMBP (Fig. 3). The finding that preMBP species 
with aspartic acid or certain other charged or bulky residues 
at -1 were processed to significant extents was unexpected. 
These results suggested that either the statistically based 
predictions for acceptable residues at the -I position (10-12) 
were largely incorrect or that substitutions at -1 were redi- 
recting processing to an alternate site. Within the MBP signal 
peptide, there is a second potential signal peptidase cleavage 
site represented by the Ala-X-Ala sequence at residues -5 to 
-3 (see Fig. I). If this alternate cleavage site were being 
utilized due to certain substitutions at -1, the resulting 
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mMBP would be expected to retain an additional o amin0 
acids at us am.no terminus. The possibility of cleava^ « this 
alternate was supported by the finding that process" 
Arg His . and Asn- preMBP resulted in mMBP species 
tha clearly migrated more slowly tha „ wild-tvpe mMBP when 
l^^P fiTiT^a poiyacrylamide gel^t 
slower lhan ^^^JSS.tSK 
small amount of mMBP obtained from the Phe" mutant 
migrated the same as wild-type mMBP (Fi- 4, 

at -1 he nrn, harborin S •»«'««> **A substitutions 

and Ed™ pr0cessed for ™ of these proteins were purified 

Sn^^***^ (see " Materials and m2S 

at the aminl f the actual amino acid sequence 

caced'tha tht l ? PreMBP ' this anal >' sis clear 'y 
Leu-' co„ fi theami "°- term '^ residue of mMBP was the 

the Al".T5r nS ' C ' eaVage ° CCUrred '"""lately afte 
this instance, W^Jy^o^^?^ '2 

raCat Sat^e WhiCH tlTrm i 

(Table 1 ) For rM. ° C ° U ' d clear 'y be demonstrated 

oreMBP Li t s .y nt} >esi 2 ing wild-type Val" or Pro"' 
preMBP, only authentically processed mMBP was delrtZ 
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each lane by rin«/ e tert^r «», a I ■ P re ™ BP are indicated ab. 
wild-we prcMBP + de^lT"- " f he , r ? sidu e found at -, 
th« a., of the preMBP spec" "cept tnd ^'^^ PreMBP " 
substituted for alanine . -i w "c b lock, ^ ^ 80 aS P artic * 
site. o. "Men blocks processing at the aiternc 



effect on processing of otherwise wild- yje p^V B p T^f 
with regard to Phe' 5 nrpMRD j pre.viup. Final K 

a doublVmutanl M B T S^Kl^ * 
were unsuccessful 3Spart,c acid a t --: 

enced by the SS.tT ™. w " influ- 
norma, cleavage site f^'- ^ 
tions at -1 are actually positioned +2 to ^ ^ 

site. The possibility that subs"it u ^Ls at o 
normal cleavage site mnlrf T Tl t2 relatlve 10 the 

generated at +o Jnclurfprf r 0e 7 l , he sufa sututions 

fane, and Ref 6) was Hmp tn c^*- . 1 Fl °* 4 « f/lirc ^ 

Ceavage site £ Z^^^^^f 



maturation of a preMBP species deleted fo/r',i ' keW1Se ' 
-1 could not be detected (data not shown) " 3 t0 



at either -3 or -1 GWrZS ,V£ CKS s P ec 'fi«lly altered 

olabeled for lo min wi^fe""- I "C-indueed cells w ere radi . 
"lubilized. and .fe MBP waT ™ ™ M - Tht .« ,ls subsequently 
SDS-PACE and autoradiography S-'f '"^ V* analy " d 
acrylamide gel was employed L Th^e arn Tno ^ ' ™ % po| y 

-1 of preMBP ar, indicafed abov, each iZ ul " " 3 0r 
denotes synthesis of wild-type preMBP X ,mi? COde - + 



DISCUSSION 

Among prokaryotic signal peptides, only alanine . • 
serine, leucine, threonine, ^ ^ Z^^^' 
position -3 ( I2 ). Consistent w i[h the predic tio« PerlLn 
and Halvorson ( 10) and yon Heijne (11, 12) this stu d! i " 
onstrated that the presence of any of these res TjlfZ 
compat.ole wuh yery efficient preMBP processing In 
tion. cysteine at -3 had no noticeable effL oTZVf^y 



of prcMBP processing (see below). Cleavage of Pro -1 preMBP 
also was accomplished with high efficiency, although the 
kinetics indicated that this precursor species was somewhat 
less than an optimum substrate for the processing enzyme. 
Proline is conspicuously absent from the -3 to +1 regions of 
prokaryotic signal peptides (12). It is frequently encountered 
at positions -4 to -6, where it is believed to induce a ;Murn 
that may be crucial for efficient presentation of the cleavage 
site to the processing enzyme (see below). Amino-terminal 
analysis of the processed forms of Pro"\ Val~ 3 , and wild-type 
MBP indicated that each species was cleaved exclusively at 
the normal site. 

Kuhn and Wickner (14) reported previously that phage 
M13 procoat with a phenylalanine at -3 was a very poor 
substrate for signal peptidase I, and Fikes and Bassford (6) 
found that preMBP with an aspartic acid substituted for 
alanine at -3 was translocated efficiently but not processed. 
In agreement with these results and the von Heijne model 
(29), the substitution of bulky or charged residues (asparagine, 
aspartic acid, arginine, histidine, tyrosine, and phenylalanine) 
at -3 of preMBP resulted in extremely inefficient processing. 
The small amount of processing observed for Asn~ 3 and Asp" 3 
preMBP was probably due to specific recognition of the 
altered cleavage site by signal peptidase I since the introduc- 
tion of an aspartic acid residue at -1 of the Asp" 3 preMBP 
or deletion of residues -3 to -1 from otherwise wild-type 
preMBP resulted in a total block in processing. The signal 
peptide of unprocessed preMBP is normally highly susceptible 
to proteolytic degradation, resulting in a polypeptide that 
migrates identically with mMBP on SDS-PAGE (30, 31). 
However, it was shown previously that Asp" 3 preMBP is 
efficiently translocated into the periplasm but remains firmly 
anchored to the cytoplasmic membrane by the signal peptide 
(6). The signal peptides of Asp' 3 preMBP and the other 
mutant preMBP- species described in this study presumably 
are shielded from' proteolytic attack by their membrane as- 
sociation. • 

The analysis of changes at the -1 position was somewhat 
more complicated. Alanine is clearly the residue most fre- 
quently encountered at -1, although serine, glycine, and, in 
one instance, threonine also have been reoorted (12). Indeed, 
altered preMBP species having glycine, serine, and also cys- 
teine (see below) substituted for alanine at -1 seemed to "be 

PT ° C x?*l d 33 WGl1 as wiM " t yP e PreMBP. Processing of Thr" 1 
preMBP appeared to be nearly as efficient. However, process- 
ing at higher than expected efficiencies also was observed for 
signal peptides having other amino acids substituted at -1. 
For example, maturation of both Asp" 1 and^Val" 1 preMBP 
approached nearly 100% in a pulse-chase experiment. For 
these and other preMBP species with bulkv or charged resi- 
dues at -1 ,t was found that processing was not occurring at 
the normal site. Instead, these preMBP species were primarily 
cleaved between residues -3 and -2, immediately downstream 
from the sequence Ala-Ser-Ala that served as an alternate 
processing site when maturation at the normal site was 
blocked. Examples of alternate cleavage sites for signal pep- 

Jif, e , m mUUnt H P°P roteins have been described previously 
(32, 33). 

P r0 ««ing at the alternate site of preMBP was initially 
indicated by the finding that in some cases, the mature species 
migrated slightly slower on SDS-PAGE than did the wild- 
type mMBP. This altered electrophoretic mobility was de- 
tected when aspartic acid, arginine. asparagine, histidine, or 
tyrosine was substituted at position -1 and presumably re- 
sulted from the retention of the charged or polar residue at 
the amino terminus of the mature protein. Amino-terminal 
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analysis subsequently confirmed that the Asp"\ Arg" 1 , as well 
as Val" 1 preMBP species were processed after residue -3. 
This analysis also revealed that Thr" 1 preMBP exhibited 
processing at both the normal and alternate sites, primarily 
the latter (approximately 75%). Although threonine has been 
reported at the -1 position of one naturally occurring prokar- 
yotic signal peptide (12) t the results obtained with preMBP 
were more consistent with those of Kuhn and Wickner (14), 
who found that Thr" 1 of M13 procoat was a poor substrate 
for signal peptidase I, both in vivo and in vitro. 

In lieu of determining the cleavage site of each mutant 
preMBP species altered at -1 by amino-terminal analysis of 
the purified mature protein, the alternate processing site of 
these proteins was disrupted by substituting aspartic acid for 
alanine at -5. In these instances, only preMBP species with 
alanine, serine, glycine, or cysteine were processed efficiently. 
A small amount of processing of Thr* 1 preMBP was discerned; 
otherwise, disruption of the alternate site appeared to block 
maturation when aspartic acid, arginine, valine, tyrosine, 
leucine, isoleucine, histidine, or asparagine was present at -1. 
These results are very consistent with the conclusions of von 
Heijne (ii) that aromatic, charged and large polar residues 
are excluded from this position of the cleavage site. As noted 
previously, attempts to substitute aspartic acid for alanine at 
-5 of Phe" 1 preMBP were unsuccessful for an unknown 
reason. However, it seems highly likely that the small amount 
of processing observed for this MBP species was also accom- 
plished at the alternate site. 

The finding that cysteine residues at either -3 or -1 
permitted efficient processing of preMBP was not necessarily 
surprising. Although not yet encountered in the -4 to +2 
region of prokaryotic precursor proteins processed by signal 
peptidase I, cysteine is a small, neutral residue that is present 
in this position in many eukaryotic signals (12). Its exclusion 
from the processing site of prokaryotic signals may be to help 
distinguish precursor nonlipoproteins from precursor lipopro- 
teins that require a cysteine residue in the +1 position (34). 
The possibility that mutant preMBP species with cysteine at 
either -3 or -1 were modified and processed as lipoproteins 
by signal peptidase II was not specifically investigated How- 
ever, the consensus sequence for lipoproteins at residues -3 
to +1 (Leu-Ala-Gly-Cys) (34) is considerably different from 
the corresponding sequences of these proteins (Ser-Ala-Ser- 
Cys and Ser-Ala-Leu-Cys. respectively; see Fig. 1). Since the 
mature MBP produced by processing of Cys" 3 and Cys" 1 
preMBP migrates on SDS-PAGE identically to wild-type 
mMBP (see Fig. 4), this possibility seems highly unlikely.' 

Overall, the results obtained experimentally with altered 
preMBP species agree fairly well with the statistical analyses 
of prokaryotic signal peptides by von Heijne (11, 12), with the 
exceptions that cysteine was found to permit efficient proc- 
essing when present at either -3 and -1, and threonine at -1 
resulted in inefficient processing. The data presented here do 
not address directly the accuracy of the weighted matrix 
approach for predicting the cleavage sites of prokaryotic signal 
peptides processed by signal peptidase I (12). Nonetheless, 
the statistically derived assumptions concerning positions -3 
and -1 which constitute a key element to this approach now 
have been tested directly and found to be correct with only 
several minor exceptions. 

By studying the processing of several prokaryotic proteins 
in microsomal extracts, Ghrayeb et at. (32) concluded that 
signal peptidase I and eukaryotic signal peptidase possess 
similar substrate specificities. More recently, Folz et aL (35) 
used site saturation mutagenesis to obtain 13 unique amino 
acid substitutions at the -1 position of a mutant human 
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svst/r w P r te,n i a - n) - Efficient Passing in a „ ,„ oitro 
Sn pL SerVed ,r ith Slanine ° r CySt£ine in 'he -i 
^ T • SS ' nE - albeit less efficient - wa s also discerned 
with glycme, senne. threonine, or proline at -1. These results 

thm.il ^- the Prokaryotic and eukaryotic enzymes, al- 
though this analysis is somewhat difficult to interpret s nee 

ess" e „e c si u ud r we "r and a » it«K ; z. 

essmg site also could be utilized, in this case representing the 

In this rdT ng SiU! ° f ^ W ^" tyPe P^P-PolipoproUin 
In this study, processmgat the alternate preMBP cleavare 

blocked 0°: 1 TTt^T- pr0Cessi <**t the noZt7Z 
\Vh v is th ? n t" ed h ' Bh y ineffici6nt h * ^bstitutions at -1. 
Why ,s th.s alternate s.te not utilized at some detectable 

^Xhtheal 6 Siena ' ™ tidel In those iSc 

w"r e mu h S er " a 'V ,te T Cleaved ' the Passing kinetics 
were much s ower than those exhibited by MBP species 

oeotfd? ^ the > n ° raal Site - 5 Thus ' in the wild-lie s^a 
pept de, extremely rapid cleavage at the normal site may 
effectively preclude the slower, alternate processing e vTnt 
L*ss efficent recognition of the alternate site by simal oeo 
dase I probably results from its proximity t S- ur 
structure that represents the boundary between the hvdro 

(10) andTH SignaI i-eopS sequete 

(10) and that is known, from mutational analyses to be 
es enf al for signal peptide processing U3-15. 3 ) proLr 

from g?£$fc ^ C ^ Site is -ally patted 
PerTmin ! a J , * COre by six residues - A * Proposed by 
C ll»v? , Halvorson (10), proper juxtaposition of the 

on TJ W ' th f iSna ' Peptid2Se probab 'y ^Pends strong^ 
on ,ts location relative to the start of the turn This was 
demonstrated recently in a convincing fashion for eukarvo^c 

ess.ng site seems to be positioned 2 residues too close to the 

S Snand * ^ at ~ 6 (10 > for * ffi «en rtcog! 
nition and cleavage by signal peptidase I 

It was somewhat puzzling to find that there was a wirf* 
norma, cleavage site 

«h.n« ^ at +r 0 U uM StUdie ; Ml3 prOCOat indicated ^at 
(38 3° 9 aittlr f Pr °. f0undl y affect processing efficiency 
int g StepWlSe deIetion s from the cleavage site 

nto the mature region of /^-lactamase provided no LTat o„ 

tioSfor*,. 1 kmet ' CS (15) - Nine ^"nt substitu- 

were found L'H eUClne « +2 ° f preMBP 

. ^u haV - e "° n °ti«able effect on processing at the 
normal s.te. This included several amino acids (e Tarrin n! 

th" d eSe„ n c e v T' Wh6n PreS6nt " - WtoSSS 
the efficiency of processmgat the alternate site. These result! 
.ncucated that there probably is not a strong retfriction ^ 

to the H am ' n ° aCid th8t Ca " ° CCUp * +2 posit on relative 
to he cleavage sUe A recent study by Duffaud and7nouye 
(40 demonstrated that mutational alterations in the adjacent 
mature reg.6n which decreased the probabilfty of a turn 
structure at the cleavage site itself could stronrfy affect the 
processing efficiency of an OmpA-staphylococcal ™ le £e 
^menc^rotem expressed in E. cpli The possibilitf w" 
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con SI dered that the alternate preMBP cleavage site co 
with the normal site, was much more sensitive to ch 
+2 wh.ch affected the turn probability through that 
However there does not appear to be a strong c 0r 

Finally, what is the significance of the finding of a, 
nate processing site in the preMBP? Its present i 
sent the rule rather than the'exception Th 
bmdrng protein, and ribose-binding proteinlS;f n 

-i^ti^T A,a -*- A f ia ^ - ;s„ p ; 

an V V> '• fre^ency °f compatible residue 

and 1-3 for consftuting potential alternate processing 
prokaryofc signal peptides is quite high (41) Si 
circumstances in which the presence of a ternate c ! 
sues ensures efficient processing. It may also ens Ure o 
•ng in the event of a mutational alteration elsewhere 
signal which shifts the proximity of the core to th, 
cleavage site. The existence of alternate cl av^J ^ 
appears to reflect a general redundancy in the Tatu™; 

ei; e rt b 7 0 ;t n 5' ed M b6in » imp o*-t y to plotin p 
export For example, many prokaryotic signal peptides 

s^lV r a " l baSiC feSidue in the ^ino-teminal hyd7 0l 
segment whereas several studies have shown that a 

ores;?mo U s V s S r f f Cien l (42 ' 43) " Likewise - 

(44 45 Al ho ^ ^• P K d -, S aPPMr t0 * lon e« than rec. 
45 . Although this built-in redundancy mav seem 

,mr m ' ab0rat0ry S6ttin ^ na ture may have d«m 
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